r When a skeletal muscle is stretched while it contracts, the muscle produces a relatively higher force than the force from an isometric contraction at the same length: a phenomenon referred to as residual force enhancement.
Introduction
Isometric contraction of muscles produces a force that is related to the final isometric sarcomere length (SL) (Gordon et al. 1966) . However, when the same isometric SL is reached by stretching a muscle while it contracts, the muscle maintains a relatively higher force until it is finally relaxed (Abbot & Aubert, 1952; Julian & Morgan, 1979; Edman et al. 1982; Sugi & Tsuchiya, 1988; Pinniger et al. 2006; Pun et al. 2010; Cornachione & Rassier, 2012; Rassier & Pavlov, 2012) . This phenomenon of 'residual force enhancement' has been studied for over 60 years in skeletal muscles, but never directly investigated in cardiac muscles. Residual force enhancement is puzzling because it cannot be directly explained by the classical force-length relationship (Gordon et al. 1966 ) and the sliding filament theory of contraction (Huxley & Niedergerke, 1954; Huxley & Hanson, 1954) , the main paradigms in the muscle field. The mechanisms responsible for residual force enhancement are still a matter of debate in the literature (Edman & Reggiani, 1984; Herzog & Leonard, 2002; Rassier et al. 2003a,b; Pinniger et al. 2006; Minozzo & Rassier, 2010; Pun et al. 2010; Ranatunga et al. 2010; Cornachione & Rassier, 2012; Rassier & Pavlov, 2012; Cornachione et al. 2016) . Recent studies suggest that residual force enhancement is regulated by the isoforms of the sarcomeric protein titin, the molecule mainly responsible for passive forces in muscles (Pinniger et al. 2006; Ranatunga et al. 2010; Cornachione & Rassier, 2012; Rassier & Pavlov, 2012; Cornachione et al. 2016) . However, this hypothesis has not yet been subjected to rigorous experimental tests.
In this paper, we examined residual force enhancement and its relation to titin molecules in rabbit skeletal psoas myofibrils (N2A titin isoforms; Neagoe et al. 2003) and cardiac papillary myofibrils (predominantly N2B titin isoforms; Neagoe et al. 2003; Fujita et al. 2004; Lahmers et al. 2004) . We used a custom-built atomic force microscope (custom-AFM) (Labuda et al. 2011) to synchronize the SLs of the myofibrils in different experimental conditions and directly compare the corresponding forces at well-controlled lengths, a procedure not shown in the literature. Myofibrils are at the optimal size-scale for studying how myosin, actin and titin cooperate while they stay in an ordered arrangement (Månsson et al. 2015) . In fibres, the action of other cellular proteins can interfere with the measurements, leading to misinterpretation of the results. In isolated molecules, the cooperative action between myosin, actin and titin cannot be directly measured.
Methods

Ethical approval
New Zealand White rabbits were humanely treated as approved by the Animal Care Committee at McGill University and the Canadian Council on Animal Care (reference number: 20122-23). Female rabbits were obtained from Charles River Canada and weighed between 2.5 and 3.5 kg. They were fed ad libitum and killed at an age between 4 months and 1 year. The euthanasia protocol used exsanguination under general anaesthesia. Premedication was given via subcutaneous injection (in mg kg −1 : 0.1 glycopyrrolate, 0.5 butorphanol, 0.75 acepromazine) and anaesthetics were administered via intramuscular injection (in mg kg −1 : 35 ketamine, 5 xylazine). The anaesthetic depth was determined by pedal reflex.
Preparation of the myofibrils and solutions
Myofibrils were prepared, isolated, and tested based on previously documented procedures and solutions for the skeletal myofibrils (Rassier et al. 2003a; Rassier, 2008; Minozzo & Rassier, 2010; Cornachione & Rassier, 2012) and the cardiac myofibrils (Linke et al. 1993) . Table 1 summarizes the different solutions used in the experiments. After the rabbits were killed, pieces were obtained from their skeletal psoas muscles (2-3 cm long), and cardiac papillary muscles (4-6 mm long). The pieces were placed at 0°C for 4 h with a mixture of skeletal rigor solution or cardiac rigor solution for each of the respective muscles, and protease inhibitors to avoid protein degradation (Protease Inhibitor Cocktail Tablets, Roche Diagnostics, Indianapolis, IN, USA). The mixtures were then refreshed and an equal amount of glycerol solution was added for 15 h at 0°C. Afterwards, the solutions and glycerol were refreshed again and stored for at least 1 week at −20°C. This procedure chemically permeabilized the muscles.
On the day of the experiments, skeletal psoas muscles were placed in the skeletal rigor solution and were defrosted at 4°C for at least an hour. Pieces of muscle 2-3 mm long were then excised and homogenized three times at 12,000 r.p.m. for 5 s, and thee times at 28,000 r.p.m. for 3 s (VWR Power AHS250 homogenizer with a 5 mm generator, Radnor, PA, USA). In the case of the cardiac papillary muscles, 2-3 mm pieces were excised and defrosted for 30 min at 4°C in a mixture of cardiac rigor solution, protease inhibitors and 0.05% of Triton X-100 detergent. After defrosting, the muscles were moved to cardiac rigor solution for approximately 30 min before they were homogenized three times at 26,000 r.p.m. for 7 s. Triton X-100 and the faster homogenization protocol increased the yield of isolated myofibrils. Triton X-100 was used at a concentration at least 10 times lower than previously documented (Linke et al. 1993) to reduce any damage to the muscles. One of the advantages of using myofibrils that are isolated after muscle bundles are permeabilized is that they can be activated by an increase of Ca 2+ concentration in the media, without the need for electrical stimulation.
During experiments, rigor solution was completely washed out using relaxation solution with a high concentration of ATP and a low concentration of Ca 2+ . Two other solutions were used during the experiments: activation solution containing a high Ca 2+ concentration and ATP, and Blebbistatin solution previously mixed with relaxation solution. Dimethylformamide was initially used to dissolve Blebbistatin to a concentration of 160 μM, and then the mixture was diluted with relaxation solution 
Note that the chemicals in the cardiac rigor solution are different from those of the skeletal rigor solution in an attempt to increase the yield of isolated cardiac myofibrils, as previously documented (Linke et al. 1993) . A software program calculated the concentration of chemicals in the rest of the solutions (Fabiato, 1988) .
to a final concentration of 80 μM. Blebbistatin is a photosensitive chemical that inhibits myosin II from interacting with actin and is used in the dark or with a red light filter (Sakamoto et al. 2005; Minozzo & Rassier, 2010; Cornachione & Rassier, 2012 ). Figure 1 shows a schematic illustration of the different components of the custom-AFM (Labuda et al. 2011) . Isolated myofibrils were placed in a thermally controlled chamber filled with relaxation solution and maintained at 10°C. An inverted microscope with phase-contrast illumination was used to identify myofibrils that were not damaged and to measure the initial sarcomere length of the myofibrils, based on the contrast between the dark bands of myosin (A-bands) and the light bands of actin (I-bands). A myofibril or a small bundle of myofibrils was then glued (3145 RTV MIL-A-46146 Adhesive, Dow Corning, Auburn, MI, USA) and suspended between the tips of a rigid glass micro-needle and a silicon atomic force cantilever (ATEC-CONTPt-20, Nanosensors, Watsonville, CA, USA). A laser-tracking system monitored the deflection of the cantilevers in response to the force exerted by the myofibrils. The motion of the micro-needle was controlled by a piezo-electric controller. The micro-needle motion and the cantilever deflection were used to calculate changes in the sarcomere length and the force produced by the myofibrils. Finally, the myofibrils were exposed to different chemical solutions using a micro-fluidic perfusion system connected to a double-barrel pipette (Labuda et al. 2011) .
Instrumentation
Force and sarcomere length calculations
The force applied by a single sarcomere is equivalent to that of a single myofibril and was calculated using
where F (t) is the force per myofibril as a function of time (t), M N is the number of myofibrils in a tested bundle, c(t) is the displacement of the cantilever tip (sampling rate: 0.2 MHz averaged over 1280 data points), and k C is the stiffness of the silicon cantilever. The cantilever stiffness was determined either by measuring the cantilever dimensions through scanning electron microscope images (Hopcroft et al. 2010; Lübbe et al. 2012) , or by constructing force-bending curves using cantilevers previously calibrated with the scanning electron microscope images (Lübbe et al. 2012) . Four different cantilevers were used in this study (stiffness: 46.5, 66.2, 130.4 and 40.3 nN μm −1 ). The sarcomere length was calculated using
where S(t) represents the average sarcomere length as a function of time and captures the central tendency of the sarcomeres given any non-uniformity in the sarcomere length behaviour. When we refer to sarcomere length in this paper, we imply the average sarcomere length of the different sarcomeres in the myofibril. Moreover, M(0) is the myofibril length at rest, c(0) is the initial position of the cantilever tip, n(t) is the input motion of the micro-needle, J Physiol 595.6 n(0) is the initial position of the micro-needle, and S N is the number of sarcomeres within the myofibril. The random errors in F (t) and S(t) were minimized in four ways. First, cantilever displacement was calibrated before the start of each experimental set using the laser-tracking system. Second, the micro-needle was at least 20 times thicker than the cantilever and did not deflect during the experiments. Third, the micro-needle was controlled by a piezoelectric controller with resolution greater than the noise of the system and did not limit the detectability of the myofibril response. Fourth, myofibrils with a large number of sarcomeres were studied so that the SL could better represent the central tendencies of the sarcomeres, despite any non-uniformity in behaviour.
Experimental protocol
Residual force enhancement was measured using three consecutive tests on the same myofibrils. In all three tests, myofibrils were first placed in relaxation solution and then held taut at a resting position with no tensile force. In the first test (Test 1), myofibrils were stretched (10 μm s −1 ) to a desired SL and then fully activated. Consequently, the myofibrils contracted and were held isometrically as the force from the myofibrils could no longer bend the cantilever. Accordingly, the SL dropped to a point referred to in this study as the 'synchronization SL' . The myofibrils were then relaxed and finally shortened back to the resting position. In the second test (Test 2), the myofibrils were stretched (10 μm s −1 ) to a shorter SL than that of the first test, then fully activated. After an isometric contraction and while still activating, the myofibrils were stretched (450 μm s −1 ) to bring the SL to the synchronization SL. The myofibrils were then relaxed and shortened back to the resting position. In the third test (Test 3), the myofibrils were stretched (10 μm s −1 ) to bring the SL to the synchronization SL and then shortened back to the resting position. Forces were compared between the three tests when the myofibrils stabilized at the synchronization SL.
We chose to use synchronization SLs around 2.85 μm for the skeletal myofibrils and around 2.00 μm for the cardiac myofibrils because at these lengths the passive forces start to develop and are directly associated with titin. In cardiac muscles, the passive force is determined mainly by titin at short-to-intermediate physiological SLs, like the ones we investigated in this study, whereas extracellular collagen fibres dominate the stiffness and passive force development at higher SLs (Linke et al. 1994; Granzier & Irving, 1995; Wu et al. 2000; . Therefore, we used a length in both muscles in which titin starts to play a role, without invoking other components that can develop passive force (as indicated by the passive forces produced by the myofibrils during passive stretches that we show in the Results section). Furthermore, when we stretched activated myofibrils to very long lengths (e.g. sarcomere lengths beyond 2.4-2.5 μm for the cardiac myofibrils), they were easily damaged and could compromise the reproducibility of the results.
To identify if titin regulates residual force enhancement, the same myofibrils were treated with Blebbistatin and relaxation solution for approximately 40 min under a red light filter and then the three previous tests were repeated in the same order (Tests 4-6). Blebbistatin hindered myosin and actin interactions and prevented myofibril contraction.
Procedure to identify titin isoforms
To identify the titin isoforms of cardiac and skeletal muscles, an electrophoresis agarose gel was performed, as previously described (Warren et al. 2003; Hudson et al. 2011) . Briefly, cardiac papillary and skeletal psoas muscles were incubated for 1 h at 4°C in two solutions: relaxation solution and Blebbistatin mixed with relaxation solution (80 μM). The muscles were pulverized and the yield was solubilized at 60°C in a solution that mixed protease inhibitors (Protease Inhibitor Cocktail Tablets, Roche Diagnostics, indianapolis, IN, USA), urea buffer (in mM: 8000 urea, 2000 thiourea, 104 SDS, 75 DTT, 50 Tris-HCl), and an equal amount of glycerol. Next, 1% agarose gels were performed at 15 mA per gel for 3.2 h at 4°C using a Standard Vertical Unit (Hoefer SE 600, Hoefer Inc., Holliston, MA, USA). The gels were then stained using Coomassie brilliant blue.
Statistical analysis
Forces per myofibril and SLs from the different conditions were grouped then compared using a one-way analysis of variance (ANOVA) for repeated measures and a post hoc analysis using a Holm-Sidak test (statistical package: SigmaPlot 13, Systat Software Inc., San Jose, CA, USA). A significance value of 5% (P < 0.05) was adopted in all comparisons. In some cases, data sets were summarized using box plots showing the median ± interquartile range (box), the ± range (whiskers), and the outliers as values greater than 1.5 times the length of the box.
Results
Test conditions
Using myofibril bundles or single myofibrils when possible, experiments were conducted on 8 skeletal psoas samples and 10 cardiac papillary samples. Figure 2 shows an example and summary of the initial conditions for all the tested myofibrils. Note that multiple images were used to determine the initial conditions and each of these images focused on different parts of the myofibrils. Figure 3 summarizes the most important SL conditions used during the experiments. Notably, the SLs are within the physiological range that invokes the titin molecules for the skeletal myofibrils and cardiac myofibrils. Furthermore, the absolute error in synchronizing SLs was kept to a minimum and experiments with larger deviations than those shown were discarded.
Forces and sarcomere lengths
Plots representing the first three experiments measuring residual force enhancement are shown in Fig. 4 . In these examples, myofibrils were first set to the same resting SL (annotated by 'a' in the SL plots). In Test 1, the myofibrils were stretched to a pre-determined SL (b: skeletal SL of 3.18 μm and a cardiac SL of 2.17 μm), then fully activated. Consequently, the myofibrils isometrically contracted to the synchronization SL (c: skeletal SL of 2.80 μm and cardiac SL of 1.91 μm). In Test 2, the myofibrils were first stretched to a pre-determined SL (d: skeletal SL of 2.87 μm and a cardiac SL of 1.97 μm), then activated (e: skeletal SL of 2.55 μm and cardiac SL of 1.72 μm). As the myofibrils contracted and while still activated, the myofibrils were stretched to the same synchronization SL (c) from Test 1, and then held isometrically once again. At the synchronization SL (c), the steady-state force in the skeletal myofibrils was 3.62% higher relative to the force produced during the isometric contraction from Test 1. The cardiac myofibrils showed no increase in force. In Test 3, the myofibrils were stretched to the same synchronization SL (c) to measure the passive forces of the myofibrils. Plots representing the next three experiments to identify if titin regulates residual force enhancement are shown in Fig. 5 . In these examples, myofibrils were first set to the same resting SL from the first three tests and then treated with Blebbistatin for approximately 40 min to hinder myosin and actin interactions. In Test 4, the myofibrils were stretched to a pre-determined SL (b: skeletal SL of 2.91 μm and a cardiac SL of 2.16 μm), then fully activated. The myofibrils experienced minimal to no change in SL at the synchronization SL (c). In Test 5, the myofibrils were stretched to a pre-determined SL (d: skeletal SL of 2.64 μm and a cardiac SL of 1.97 μm), then fully activated. The myofibrils again experienced minimal to no change in SL (e). While still activating, the myofibrils were stretched to the synchronization SL (c), and then held isometrically. At the synchronization SL (c), the steady-state force in the skeletal myofibrils was 30.13% higher relative to the force produced during full activation from Test 4. The cardiac myofibrils showed no such increase in force. In Test 6, the myofibrils were stretched to the same synchronized SL (c) to again verify the passive forces of the myofibrils.
The synchronization SL and the corresponding forces were statistically compared for all the tested myofibrils. Tests 1 and 2 were individually grouped and compared and, similarly, Tests 4 and 5 were grouped and compared (Fig. 6) .
In all conditions, the synchronization SLs were not statistically different. However, the forces after stretch were statistically different for the skeletal myofibrils, but not the cardiac myofibrils. Skeletal myofibrils showed an average increase of 12.1 nN (9.0%) before the Blebbistatin treatment and 19.9 nN (29.5%) after the Blebbistatin treatment.
Myofibril fatigue and effectiveness of the Blebbistatin treatment
Experiments were further analysed to determine if the myofibrils fatigued during the experiments. The forces and SLs were extracted from any passive stretches (stretches during relaxation) or from any activation (contraction without stretching). Using the passive and activation responses, a force-SL relationship for each myofibril was constructed then grouped into responses before and after the treatment with Blebbistatin. Each group was fitted with one of two linear regression models. The first model correlated the force per myofibril due to passive stretching, F P , with the SL after the application of the passive stretch, S P , using
where k P is the passive stiffness of the myofibril, S P (0) is the SL at rest, and F P (0) is the passive force at the resting SL cardiac papillary myofibrils (B) summarizing the resting SL, the synchronization SL, the amount of stretch during activation, and the amount the SL deviated from the synchronization SL after the stretch during activation Note that 14 skeletal and 10 cardiac experimental sets were performed. After treating the myofibril with Blebbistatin, 9 skeletal and 10 cardiac experimental sets were performed.
(set to zero as the myofibrils did not experience any forces at rest). The second model correlated the force per myofibril due to activation, F A , to the SL after the activation, S A , using
where k A is the activation stiffness of the myofibril and F A (0) is the force per myofibril corresponding to the activation that would occur at the resting SL, S P (0). Figure 7 shows typical examples of the force-SL relationship and models from a skeletal and cardiac myofibril. In both cases the passive responses were not different before and after Blebbistatin treatment, the activation responses had an almost complete drop in force after the Blebbistatin treatment, and all passive and activation responses did not significantly decrease in force with an increase in SL.
The model parameters depicted in eqns (3) and (4) were grouped for all tested myofibrils, and were compared before and after the Blebbistatin treatment (Fig. 8) .
The passive stiffness was not statistically different before and after the Blebbistatin treatment. The activation stiffness and the expected force at the resting SL were statistically different and showed an almost complete drop in force after the Blebbistatin treatment.
Synchronization of the sarcomere lengths
Forces can be meaningfully compared when the corresponding SLs between tests are accurately synchronized. However, this can be challenging because changes in SL can vary between myofibrils from the same muscle sample and can even vary between tests on the same myofibril. Furthermore, changes in SL depend on the condition of the myofibrils after multiple cycles of testing. Three techniques were used to overcome these challenges. First, the synchronized length was determined only after measuring the response from the activation (Tests 1 and 4 from both Figs 4 and 5). Second, if the myofibrils did not respond as expected to micro-needle motion, the micro-needle input was adjusted and the tests were repeated until the SLs synchronized. Third, if the myofibrils were fatigued, Tests 1 or 4 were repeated and a new synchronization SL was established as a reference for the remaining tests. This ensured that results at different levels of myofibril fatigue were never compared to each other. Figure 9 demonstrates the process of synchronization and the consequences of mismatching synchronization. In these examples, Test 4 was used as the synchronization SL at (c). Test 5-II was then conducted and did not match well to the synchronization SL. The test was then repeated in Test 5-I after adjusting the micro-needle input and matching the synchronization SL. In the skeletal myofibril, the test that well synchronized (Test 5-I) deviated by −3.1% from the synchronization SL and had a 28.1% increase in steady-state force. In contrast, the test that did not synchronize (Test 5-II) deviated by −10.1% from the synchronization SL and had a significant difference in force. In the cardiac myofibril, the test that did not synchronize (Test 5-II) deviated by −19.7% from the synchronization SL and had a 27.5% decrease in steady-state force. In contrast, the test that well synchronized (Test 5-I) deviated by 1.75% from the synchronization SL and had no significant difference in force. Hence, in both cases, mismatches in the synchronization SL could have wrongly identified the amount of residual force enhancement.
Titin isoforms
Using the electrophoresis agarose gel, titin isoform bands were identified for the skeletal psoas and cardiac papillary muscles with reference to previous studies Neagoe et al. 2003; Fujita et al. 2004; Lahmers et al. 2004) (Fig. 10) . The cardiac titin isoforms (predominantly N2B) had lower molecular weight and higher mobility through the gel relative to the skeletal isoforms (N2A). Furthermore, the treatment with 
. Plots representing the additional three tests after inhibiting myosin and actin interactions on a skeletal psoas myofibril (A) and a cardiac papillary myofibril (B)
The SL plots are annotated with letters a-e with the synchronization SL (c) denoting the period when all forces were compared. The micro-needle input and solutions exchanged are plotted to clarify the time period they were applied. 'R' and 'A' indicate the use of relaxation solution and activation solution, respectively.
Blebbistatin did not change the mobility of the titin isoforms through the gel.
Discussion
The results of this study are consistent with the claim that residual force enhancement is present and is regulated by titin in skeletal psoas myofibrils, but not cardiac papillary myofibrils. SLs were quantitatively synchronized between tests before comparing forces and reported a 0.009 μm maximum difference in the mean synchronization SL for all the tests. The force-SL relationships in our study confirmed that Blebbistatin almost completely hindered myosin and actin interactions and did not affect the passive force associated with titin, as further supported by the results of the gel electrophoresis experiments (Fig. 10) .
Comparisons to other studies
When the skeletal psoas myofibrils were activated then stretched (stretches ranging from 0.18 to 0.48 μm per sarcomere), the force increased by an average of 12.1 nN (9.0%) relative to an isometric contraction at the same SL (SLs ranging from 2.24 to 3.13 μm). A similar increase in force was observed in previous studies, which used myofibrils from psoas muscles of rabbits (Pun et al. 2010; Rassier & Pavlov, 2012) , psoas fibres of rabbits (Cornachione & Rassier, 2012) , tibialis anterior fibres of frogs (Abbot & Aubert, 1952; Julian & Morgan, 1979; Edman et al. 1982; Sugi & Tsuchiya, 1988; Edman & Tsuchiya, 1996) , skeletal fibres of dogfish (Abbot & Aubert, 1952) , and flexor hallucis brevis fibres of rats (Pinniger et al. 2006) . When the cardiac papillary myofibrils were activated then stretched (stretches ranging from 0.10 to 0.26 μm per sarcomere), the force was similar to that from an isometric contraction at the same SL (SLs ranging from 1.80 to 2.14 μm). No other studies with cardiac muscles were available to compare to our study. However, since our results with skeletal psoas myofibrils agree with the literature, we are confident that the results with cardiac papillary myofibrils are reproducible. It is important to note that, although the synchronization SLs used for the skeletal and cardiac papillary myofibrils are different, the comparisons are valid because both muscles are operating at a SL in which the passive force starts to develop.
Comparing the muscles at similar absolute SLs would not be correct, as myofibrils would be operating in very distinct functional SLs, given the intrinsic differences in these two muscles.
After inhibiting myosin and actin interactions, the skeletal psoas myofibrils (N2A titin isoforms) were activated then stretched (stretches ranging from 0.22 to 0.56 μm per sarcomere) and the force of the myofibrils increased by an average of 19.9 nN (29.5%) relative to complete activation at the same SL (SLs ranging from 2.43 to 3.04 μm). A similar increase in force was observed in previous studies which used psoas myofibrils of rabbits (Cornachione et al. 2016) , soleus myofibrils of rabbits (Cornachione et al. 2016) , psoas fibres of rabbits (Cornachione & Rassier, 2012) , soleus fibres of mice (Labeit et al. 2003) , and flexor hallucis brevis fibres of rats (Pinniger et al. 2006) . When the cardiac papillary myofibrils (predominantly N2B titin isoforms) were activated then stretched (stretches ranging from 0.09 to 0.32 μm per sarcomere), the force was similar to that from a complete activation at the same SL (SLs ranging from 2.00 to 2.29 μm). Similar force behaviour was observed in previous studies using ventricle myofibrils of rabbits (Cornachione et al. 2016) and trabeculae fibres of rat (Fujita et al. 2004) . Conversely, a study of bovine left atrium fibres (Fujita et al. 2004 ) did show an increase in force. However, larger animals such as bovine are predominantly composed of N2BA isoforms of titin which are different from the predominantly N2B isoforms of titin in rats and rabbit (rabbit muscles were used in this study) Neagoe et al. 2003; Fujita et al. 2004; Lahmers et al. 2004) .
Potential mechanism of residual force enhancement
The results suggest that activation affects N2A titin isoforms of skeletal psoas myofibrils causing residual force enhancement after stretch, but not N2B titin isoforms of cardiac papillary myofibrils. When the The SL plots are annotated with letters a-e with the synchronization SL (c) denoting the period when all forces were compared. Test 5-I (red) synchronized with Test 4 at 'c', unlike Test 5-II (green). 'R' and 'A' indicate the use of relaxation solution and activation solution, respectively. Note that the micro-needle input at 'e' was increased to synchronize the SLs.
J Physiol 595.6 myofibrils are activated, the released Ca 2+ binds to the I-band region of titin containing proline, glutamate, valine and lysine (PEVK) which are rich with glutamate domains (E-domains) (Labeit et al. 2003) . Consequently, titin would reduce its persistence length (Takahashi et al. 1992; Kolmerer et al. 1996; Tatsumi et al. 1996 Tatsumi et al. , 2001 , increase its stiffness (Labeit et al. 2003) , and produce more force when stretched (Bagni et al. 1994 (Bagni et al. , 2002 . The N2A titin isoforms of the skeletal psoas myofibrils have larger PEVK segments with more E-domains than the N2B titin isoforms of the cardiac papillary myofibrils (Labeit & Kolmerer, 1995; Bang et al. 2001; Labeit et al. 2003; Fujita et al. 2004) . Therefore, skeletal psoas myofibrils are more likely to show an increase of titin force during activation than cardiac papillary myofibrils.
This mechanism aligns with recent studies that show static tension and directly associate it with residual force enhancement in skeletal muscles (Pinniger et al. 2006; Cornachione & Rassier, 2012; Cornachione et al. 2016) , but not in cardiac muscles (Cornachione et al. 2016) . The studies show that N2A titin isoforms of skeletal muscles induced static tension in titin molecules of mice (Labeit et al. 2003) , myofibrils of rabbits (Cornachione et al. 2016) , fibres of rabbits (Cornachione & Rassier, 2012) , and fibres of rats (Pinniger et al. 2006) , but not in N2B titin isoforms of cardiac muscles from myofibrils of rabbits (Cornachione et al. 2016 ) and fibres of rats (Fujita et al. 2004) .
There is also the possibility that Ca 2+ increases the binding between actin and titin, which would increase the The gel shows the skeletal titin isoform (N2A) and the cardiac titin isoform (N2B). Note that the T2 bands result from normal degradation of titin Neagoe et al. 2003; Fujita et al. 2004; Lahmers et al. 2004) . Furthermore, the nebulin bands are below the T2 bands in the skeletal psoas columns, but not in the cardiac papillary columns.
sarcomere stiffness and consequently cause the residual force enhancement after stretch. It is known that titin binds to actin (Kellermayer & Granzier, 1996a,b; Linke et al. 1997 Trombitas et al. 1997; Stuyvers et al. 1998; Kulke et al. 2001; Yamasaki et al. 2001) in PEVK segments (Yamasaki et al. 2001) and that Ca 2+ regulates the binding (Kellermayer & Granzier, 1996b; Kulke et al. 2001; Yamasaki et al. 2001; Stuyvers et al. 2002) . In vitro motility assays show that actin motility over myosin molecules is reduced after actin binds to titin in the presence of Ca 2+ (Kellermayer & Granzier, 1996b; Yamasaki et al. 2001) , which suggests an increase in the stiffness. However, several studies contradict these findings and showed an increase in actin motility over myosin in the presence of titin and Ca 2+ (Stuyvers et al. 1998; Kulke et al. 2001) . Another study showed that S100A1 (a soluble Ca 2+ -binding protein highly concentrated in striated muscles; Kato & Kimura, 1985) hindered actin from interacting with PEVK segments of titin (Yamasaki et al. 2001) , which would prevent an increase of stiffness. Ultimately, the effect of Ca 2+ on titin binding to actin seems to be inconclusive and requires further investigation.
Finally, a study using molecular dynamics suggested that Ca 2+ reduces the persistence length of titin by binding to immunoglobulin (Ig) segments spliced within the titin-I-band region (Lu et al. 1998) . However, single molecule experiments did not correlate Ca 2+ to a reduction in persistence length of Ig segments (Watanabe et al. 2002) .
There are other potential mechanisms to explain residual force enhancement that are independent of titin. Some studies suggest that residual force enhancement is regulated by non-uniformity in SL. According to this hypothesis, when muscles are activated and then stretched, weaker sarcomeres are passively overstretched and stronger sarcomeres contract to a shorter length and produce more force than expected (Julian & Morgan, 1979; Edman & Reggiani, 1984) . However, studies have shown that non-uniformity in SL behaviour cannot solely explain residual force enhancement (Rassier et al. 2003b) .
Finally, some studies suggested that residual force enhancement is caused by an increase in the number of attached cross-bridges between actin and myosin (Minozzo & Rassier, 2010; Ranatunga et al. 2010) . However, studies with skeletal muscles that hindered myosin and actin interactions, such as this study, still observed residual force enhancement (Pinniger et al. 2006; Cornachione & Rassier, 2012) .
